Bovine parvovirus readily produced plaques when inoculated into 60~ confluent, actively growing bovine embryonic lung ceils. Incorporation of DEAE-dextran, MgC12 and DMSO in the agarose overlay medium was found to improve plaque production, especially with the latter chemical. In contrast, protamine sulphate inhibited plaque development. It was found that plaque titration and plaque inhibition tests could be conveniently carried out in 24-well cell culture plates, using an agarose overlay containing DMSO, DEAE-dextran and foetal calf serum. The procedures were highly sensitive, when compared with other established techniques;
Plaque titration and inhibition tests provide accurate and sensitive tools for quantifying cytopathic viruses and their antibodies. Bovine parvovirus (BPV), however, shows little ability to produce plaques in confluent cell cultures, as the cells do not provide adequate levels of the DNA-ass~ciated helper functions which are essential for parvovirus replication (Siegl, 1976) . Such functions are only found in actively multiplying cultures.
Although plaque production by BPV has been reported by Bates et al. (1974) and Lubeck & Johnson (1976) , these authors gave only brief details of the procedures used. The present paper reports the results of investigations into plaque production by BPV, and their application to plaque titration and inhibition tests in small multiwell plates.
A local BPV isolate (Wosu et al., 1979) was used for these studies, at between the tenth and fifteenth passage level. The virus was grown in bovine embryonic lung (BEL) cells cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10~ heat-inactivated foetal calf serum (FCS) which was free of BPV antibody. Haemagglutination (HA) and haemagglutination inhibition (HI) tests were carried out using similar procedures to Hierholzer et al. (1969) with 0.5~ human erythrocytes. These sera were heat-inactivated at 56 °C for 30 min and adsorbed with acid-washed kaolin and packed erythrocytes (Joo et al., 1976) prior to the HI test.
To determine the effect of cell confluence on plaque production, 0.1 ml volumes of various dilutions of BPV (in DMEM containing 5~o FCS) were adsorbed for 1 h at 37 °C onto actively growing day-old BEL cultures in 24 cm 2 plastic flasks, at cell confluences of 40, 60 and 80 ~. The inocula were then removed, and the cells overlaid with 10 ml of molten (44 °C) DMEM containing 1 ~ agarose and 10~ FCS. Following solidification at room temperature, the cultures were incubated at 37 °C and observed daily, a further agarose overlay containing 0.01 ~ neutral red dye being added on the third day. No plaques were detected by 10 days in the monolayers infected at 80~ confluence, despite healthy growth and maintenance of cells. Although some plaques were seen in the monolayers infected at 40~ confluence, these were of indefinite morphology and number, due to relatively poorer growth of cells under the overlay. In contrast, in the monolayers infected at 60 ~ confluence, plaques were detected microscopically at 5 days, becoming visible as 0.5 mm clear foci by 6 days, 1 mm by 7 days, and 2 to 3 mm at 10 days. The plaques possessed a diffuse rather irregular margin, without any stain intensification.
The effect of various additives on plaque production was investigated following adsorption of 0.1 ml volumes of virus dilutions onto replicate actively growing 60~ confluent flask cultures of BEL cells. Following a wash with DMEM, the cultures were overlaid with molten agarose medium as above, but incorporating various additives singly or in combination, including DEAE-dextran (25 ~tg/ml), protamine sulphate (50 ~tg/ml), MgC12 (25 raM) and DMSO (1 ~). One set of cultures had 1 ~ DMSO added to the virus inoculum during the adsorption phase only. It should be noted that during prior studies, concentrations of protamine sulphate and MgC12 in excess of those listed were found to be toxic to BEL cultures. The effects of the various additives on plaque production are shown in Table 1 . The main features to be seen were the adverse effect of protamine sulphate on plaque production, and the general enhancing activity of the other additives. The plaques produced under MgC12 overlay were generally larger, with an increasingly diffuse edge. In contrast, plaques produced under DEAE-dextran were sharply defined, though with little increase in size.
To facilitate virological procedures, plaque titration was adapted to 24-well cell culture plates (Nunclon multidish 24, Nunc Kamstrap, Denmark) having a 15 mm well diameter. Following inoculation with cells, the plates were incubated at 37 °C in a humidified atmosphere containing 5 ~ CO2 until the monolayers were 60~ confluent, after which the medium was removed and 0.1 ml samples of tenfold dilutions of the test virus were added to the wells in triplicate. After incubation under loose-fitting lids at 37 °C for 1 h with occasional agitation, the inoculum was removed, the wells washed once with DMEM, and 1-5 ml of molten overlay medium at 44 °C was added per well. The medium consisted of DMEM with 1 ~ agarose, 10 ~ FCS, 1 ~ DMSO and 25 ~tg/ml DEAE-dextran. Following solidification, the plates were incubated as before, 0.2 ml of a neutral red overlay being added on the third day. Plaque counts were assessed on the fifth and seventh days under an inverted microscope at 40 × magnification. Titres were expressed as the mean number of plaques seen at the endpoint dilution.
To establish a linear relationship between virus concentration and plaque numbers, doubling dilutions of virus were prepared from a virus stock containing an estimated 30 p.f.u, per 0.1 ml, and 0.1 ml of each dilution was added to each of six replicate culture wells. Following adsorption, the wells were overlaid and incubated as described previously.
Plaque titration was also compared with a number of other standard procedures for establishing viral endpoints. Actively growing BEL cells were subcultured into replicate 24-well culture plates, some with wells containing coverslips. The cultures were then used concurrently to titrate a stock of BPV in triplicate, using endpoints based on plaque formation, c.p.e., HA activity of twice frozen and thawed cultures and of extract following treatment with alkaline buffer (Hallauer & Kronauer, 1965) , haemadsorbing activity of monolayers, and presence of intranuclear inclusions or specific immunofluorescence in coverslip cultures fixed with Bouin's solution.
During plaque titration studies, some problems were initially encountered with drying out of wells during the adsorption period. However, provided the plates were agitated occasionally, this problem did not recur. Plaques showed a slight tendency to locate at the margins of the wells, presumably due to surface tension. Although retractile effects made early plaque recognition in this location more difficult, plaques soon became visible as they attained greater 1.8 x 10 3 TCIDso 3"2 x 10 3 TCIDso 5"6 x 10 3 TCID~o 1"8 × 10 4 TCIDso 1'8 × 10 4 TCID~0 1.8 × 10 4 TCIDs0 5.6 x 10 4 TCIDso p.f.u.
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size. Plaques usually became visible under the inverted microscope at about 3 days, but counts were routinely made at 5 and 7 days to obtain maximum values. No difficulty was found in counting plaques provided a regular search pattern was employed. A linear relationship was found to exist between virus dilution and plaque numbers. The results of comparative titrations of infectivity using different endpoints are shown in Table 2 , where it may be seen that plaque assay was substantially more sensitive than other established techniques for BPV titration. Plaque inhibition test procedures were also investigated in 24-well plates. Test sera were inactivated at 56 °C for 30 min, diluted 1/10 in DMEM containing 5~ FCS, and doubling dilutions were then prepared in the same diluent using 0-1 ml volumes in round-bottomed sterile microtitre plates. One-hundred p.f.u, of challenge virus in 0-1 ml of the above medium was added to each serum dilution, and the mixtures left to incubate for 1 h at 37 °C, under loosefitting lids. The medium was then removed from previously prepared 60 ~ confluent BEL monolayers in 24-well culture plates, and 0-05 ml of each virus-serum mixture was added to wells in triplicate. The plates were incubated for 1 h at 37 °C in a humidified atmosphere, with occasional agitation to spread any residual virus, and to assist in keeping the centre of each well moist. The residual medium was then removed and 1-5 ml of molten agarose medium added, as for plaque titration. The cultures were incubated at 37 °C in a humidified 5~ CO2 atmosphere, a further neutral red overlay being added on the third day. Controls included test serum controls, cell controls, a positive serum control and virus back titration. Plaque numbers were read under an inverted microscope at 5 and 7 days, titres being expressed as the mean highest serum dilutions causing 50~ reduction in plaque counts, using linear regression curves.
A number of bovine sera with a range of HI antibody levels to BPV were tested by the plaque inhibition test, six sera being tested for each level of HI antibody. Good correlation of mean plaque inhibitory titres with HI titres was achieved, as can be seen in Fig. 1 . Testing of three FCS with HI titres of less than 8 showed them to possess plaque inhibitory titres between 30 and 55.
As shown in the first experiment, the failure of the 80~ confluent monolayer to produce plaques following inoculation with BPV is probably related to the rapid onset of contact inhibition. Inoculation of cell monolayers at 60 ~ confluence allowed more potential for mitotic activity by the cells, thereby taking advantage of cellular DNA activity, with resultant localized production of virus. Lubeck & Johnson (1976) also found this level of confluence to promote plaque formation by BPV. The poorer results obtained with the use of 40~o confluent monolayers are probably related to the less efficient adsorption of virus onto cells and to reduced spread to adjacent cells following release from infected cells, as a result of the greater dispersion of the cells. Additionally, the poor growth of cells under the overlay may have contributed to the reduced plaquing efficiency, although the reason for the reduced growth is not clear. Possibly some level of cell contact is required for the cells to grow optimally under agarose overlays.
The inhibitory effect of protamine sulphate on plaque formation in the present experiments was quite marked. This may have been due to slight deleterious effects on cell metabolism by the agent, as it was quite toxic at slightly higher concentrations. DEAE-dextran and MgC12 both increased plaque yields substantially, the two agents also appearing to act synergistically when used in conjunction with each other. The use of DMSO to enhance plaque growth has been previously reported by Russell (1979) , who found that it enhanced the plaque-forming activity of malignant catarrhal fever virus. In the present study, although it was found that DMSO enhanced plaque yield when used in the adsorption medium, its continued presence was required to obtain maximum effect on plaque numbers, and to enhance the size of plaques. As a single agent, DMSO was by far the most effective substance for promoting plaque production. The concurrent use of DEAE-dextran and DMSO increased plaque numbers even further, the additional incorporation of MgC12 serving only to cause some increase in plaque size, though with some loss of definition.
Plaque titration and inhibition tests in 24-well plates proved to be much less laborious than in culture flasks and plates, and gave considerable economy in the use of reagents. Inclusion of 5~o FCS in the diluent was based on the recommendations of Siegl & Kronauer (1980) , who found it reduced the variability otherwise encountered with plaque titration of feline panleukopenia viruses (FPV). Plaque titration proved to be sensitive and reliable, a good correlation existing between virus concentration and plaque numbers. The present studies showed 1 HA unit of virus to be equivalent to 160 p.f.u., though this figure should be regarded with some caution, as it makes no allowance for haemagglutinating but non-infective virus particles. The plaque inhibition test in 24-well plates showed good correlation with the HI test, but with a 25-fold higher sensitivity, as is exemplified by the detection of substantial inhibitory activity in a number of sera with negative results by the HI test. Although Siegl & Kronauer (1980) claimed a somewhat higher relative sensitivity with their plaque neutralization test with FPV, this is of doubtful significance, due to the higher erythrocyte concentration used in their HI test.
Because previous experience had indicated that the accuracy of counting of plaque numbers dropped when they exceeded 35 per well, the system adopted in the present test was designed to work within this limit. Inclusion of DEAE-dextran and DMSO in the overlay served to facilitate the easy recognition and counting of plaques. Siegl & Kronauer (1980) found many FCS to contain inhibitors to FPV, but this did not appear to be a problem with BPV. Although a commercial pooled FCS was found to have an HI titre of 64, testing of 148 FCS from local beef cattle showed all to possess HI titres of less than 8 (P. J. K. Durham, unpublished data). Testing of three of the local FCS showed only low levels of plaque inhibitory activity, which was considered insufficient to have any substantial effect on plaque yield.
Plaque titration and inhibition tests conducted in 24-well plastic plates are therefore considered to offer practical and accurate methods for titration of BPV and antibody, on occasions where a high level of accuracy and sensitivity are required.
